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A b s t r a c t  

The aim of the paper is to verify and present methodology for ultimate tensile resistance 

prediction in steel angle tension members connected to gusset plates with one row of 

bolts. After a description of the experimental investigations, the next step was to build 

numerical models. The subjects of the experiments consisted of single plate specimens 

with drilled holes and angles connected to gusset plates with 1, 2, 3, or 4 bolts. Close 

attention was given to choosing the appropriate material model, which takes into account 

the influence of microstructural damage and the process of ductile fracture initiation and 

propagation. The porous Gurson-Tvergaard-Needleman material model was analysed 

and the paper focuses on hierarchical validation of numerical models of steel angle 

bolted connections, which will then be used for parametric studies.  

Keywords: steel angle, bolted connections, ultimate tensile resistance, finite element 

modelling, Gurson-Tvergaard-Needleman material model 

1. INTRODUCTION 

In civil engineering structures, steel angle members are commonly used as 

tension elements. For practical reasons, the most common form of joining such 

members is to connect them by a single leg with one or more bolts. Resistance of 
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tensile elements is based on such limiting states as plastic capacity of gross 

cross-section or ultimate tensile resistance of net cross-section, where the lower 

value decides resistance. In most cases, it is the second condition that determines 

the load capacity and is, therefore, involved with ductile fracture in critical 

cross-section. Bolted angles are an exceptional case because of existing 

eccentricities which affect the distribution of stresses in cross-section and hence 

their load capacity. 

Contemporary design rules allow calculating of the ultimate tensile resistance of 

such elements as axially loaded, without time-consuming calculations of 

bending effects and stress concentrations but with some significant reduction of 

net cross-section. Despite the fact that many studies of such angles have been 

carried out [4, 27, 29, 32, 34, 35], there is relevant inconsistency between 

analytical models proposed in ruling codes (e.g. Polish Code [30], American [2] 

and Canadian Standards [3], or European Codes [9, 10]). Theoretical ultimate 

tensile resistance of the same angle computed according to these models 

achieves different values, which may lead to over- or underestimation of its load 

capacity. 

To fully understand the behaviour of tensile angle connections and find out 

which of the proposed models define tensile resistance correctly, it is necessary 

to build an advanced numerical model of angle connection. Analysis of fracture, 

especially prediction of ductile fracture using micromechanics-based models, is, 

from a physical point of view, a completely different issue compared to well-

known and established problems of plastic resistance. Hence, the numerical 

analysis requires careful definition of an appropriate material model, which takes 

into account the influence of microstructural damage on the load capacity and 

material strength. 

This paper focuses on hierarchical validation of numerical models of steel angle 

tension members connected by one row of bolts, starting with a short description 

of experimental investigations. Afterwards, two types of material model (elastic-

plastic and Gurson-Tvergaard-Needleman) are described and compared. The last 

stage is the development of a complete connection model. 

2. EXPERIMENTAL INVESTIGATION 

The experimental investigation consisted of three types of elements:  

− standard tensile coupons which were used for determining the 

mechanical properties of steel, 

− single tensile plates with drilled holes,  

− angles connected with 1, 2, 3, and 4 bolts. 

The standard tensile coupons were cut from the same plate as the elements with 

drilled holes, from angle-legs and gusset plates used in connections. They were 

prepared, tested, and their results were interpreted according to EN 10002-1 [7]. 
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2.1. Single plates with drilled holes 

Ten specimens were tested. The plates had the same cross-section dimensions 

and total length. They differed in hole diameter and its location. Seven 

specimens had one hole located symmetrically, two had double holes in the 

horizontal or vertical arrangement, and one had an eccentrically located hole. 

The geometry of the tested specimens is presented in Fig.1 and their description 

in Table 1. The specimens were divided into two groups as follows: plates with 

small holes (where the ratio d0/b fell within the range from 0.17 to 0.34) and 

plates with large holes (where the ratio d0/b fell within the range from 0.54 to 

0.72). All the plates were made of steel with nominal grade S355. During 

experimental testing, all specimens were tensioned with displacement control 

until fracture of the net cross-section. An optical extensometer was used to 

measure the displacement of two marked points. Experimental tensile resistance 

NEx was assumed as the largest value of tensile force achieved during testing. 

 
Fig. 1. Geometry of single plate specimens (dimensions in mm) 

Table 1. Summary of single plate specimen results 

Specimen Nominal diameter [mm] (d0/b) NEX [kN] 

W1 12 0.17 200.3 

W2 18 0.26 182.0 

W3 24 0.34 163.2 

W4 30 0.43 141.3 

W5 38 0.54 115.5 

W6  42 0.59 101.9 

W7 50 0.72 70.5 

W8  2x12 0.17 202.7 

W9  2x12 0.34 166.3 

W10 24 0.34 148.9 

2.2. Angles connected by a single leg with gusset plates 

The next stage of experimental tests consisted of equal leg-angles connected to 

gusset plates with one row of bolts. 42 elements made of steel with nominal 



EDYTA BERNATOWSKA 35 

 
 

grade S235 were tested. Three different sizes of angles were used (L50x5, 

L60x6, L80x6), varying in number (n) of bolts and longitudinal spacing (p1) as 

well as edge distance of bolt holes perpendicular to force direction (e2). All 

connections were designed so that the angle member was the weakest 

component of the joint and to cause its failure by net section fracture. For this 

purpose, fully threaded bolts M12 to M22 class 8.8 or 10.9 were used. Because 

the considered joints were category A according to EN 1993-1-8 [10], no 

preloading was required. However, to unify connection behaviour, a small 

clamping force Fp was applied during the assembly of all specimens. To induce 

failure on only one side of the member, bolt-hole clearance in the angles was 

differentiated. In the connection, at the point where the angle was supposed to 

rupture, bolt holes d0,1 were drilled with appropriate clearance according to EN 

1090-2 [6] regulations. In the second connection, bolt holes d0,2 were equal to 

bolt nominal diameter (Fig. 2). The gusset plates used in the connection had the 

same cross-section, 10x100mm, and their total length depended on the number 

of bolts. Table 2 presents a description of six specimens chosen for a validation 

process. 

Table 2. Summary of angle specimens chosen for a validation process 

Specimen 
Cross-

section 
Bolt n e1 [mm] e2 [mm] 

p1 

[mm] 

NEx 

[kN] 

J60/1/20/27 L60x6 M20 8.8 1 66 27 - 83.8 

J80/1/22/36 L80x6 M22 8.8 1 75 36 - 149.3 

J60/2/45/25 L60x6 M16 10.9 2 55 25 45 138.6 

J60/3/45/25 L60x6 M16 10.9 3 55 25 45 180.7 

J80/3/55/40 L80x6 M20 8.8 3 70 40 55 242.1 

J80/4/55/40 L80x6 M20 8.8 4 70 40 55 268.6 

 

 
Fig. 2. Geometry of angle specimens 
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Similarly to single plates with holes, angle specimens were tensioned until 

fracture with displacement control and monitoring of force and displacement. In 

the connection with a single bolt, an optical extensometer was used, while in 

longer connections, inductive sensors Gi and Di were implemented. In a small 

number of specimens, an electrofusion strain gauge was fixed at chosen points of 

the critical cross-section - TD1/i, and in some, at distance from it – TD2/i. Two 

inductive sensors Bi were used to monitor horizontal deflection in the middle of 

the angle length in two directions (Fig. 3). 

 

  
 

Fig. 3. Arrangement of sensors and strain gauges: a) scheme, b) real specimen 

3. MATERIAL MODELS AND THEIR CHOICE 

During the development of computational models built using the FE package 

ABAQUS [1], a choice between two types of material models was made. The 

considered materials were elastic-plastic (EP) and porous Gurson-Tvergaard-

Needleman (GTN). The first of these included only elastic-plastic material 

characteristics. The second consisted of elastic-plastic characteristics and porous 

material model parameters. To verify their ability to predict the failure process in 

tensioned elements, results from single plates with drilled holes were also 

utilized. In order to create computer simulations of the elements and to calibrate 

the EP and GTN material models, results from standard tensile coupons were 

also used. 
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3.1 Elastic-plastic material model 

Plastic material behaviour was represented by a multi-linear stress-strain curve 

in terms of true stress σtrue and true plastic strain εtrue,pl calculated from the 

equations described below using nominal stress σnom and strain εnom values from 

experimental testing of standard tensile coupons:  

)1( nomnomtruex εσσ +=  (3.1)

Etruenompltrue /)1ln(, σεε −+=  (3.2)

The elastic behaviour was defined by Young’s modulus; E=210GPa and 

Poisson’s ratio; v=0.3. 

3.2 Porous material model 

When considering the behaviour of elements working in non-linear ranges, far 

above the yield point, the use of classical methods of analysis based, e.g. on the 

Huber-Mises-Hencky (HMH) theory, is an inappropriate approach. It is 

necessary to implement material models based on fracture mechanics where the 

level of material damage is properly defined. In the case of metal materials, the 

process of initiation and fracture propagation is connected with microstructural 

damage occurring in the form of voids initiated on the non-metallic inclusions as 

well as precipitates present in the material. Generally, the mechanism of ductile 

fracture consists of several stages, as shown in figure 4. below. 

 

 
Fig. 4. Mechanism of ductile fracture (based on [22,23]) 

 

The destruction process takes place through the growth and coalescence of voids 

via localized plastic deformation. The material strength defined by normal stress 

σ is, therefore, closely related to its damage. The value of stress begins to 

decrease at the moment of microdamage initiation. Their growth causes the 

phenomenon of material softening, leading to its destruction at the moment of 

reaching a critical value. 

The material model which takes into account the physical phenomena described 

above is the Gurson-Tvergaard-Needleman porous material model [13, 36, 37], 

which is recommended by Eurocode [11] and the scientific literature [33] as the 
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basic model for the assessment of failure conditions of building structures [15], 

i.e. also elements working in non-elastic ranges. The conducted research [14, 18-

21,38,39] has shown that the use of the GTN model in the analysis of structural 

steel elements gives good convergence of the results obtained from numerical 

simulations and experimental tests. However, the aforementioned analyses did 

not consider the whole connection model. 

Thanks to the implementation of GTN material in many engineering programs, it 

is possible to conduct analyses in the full range of structural work - from an 

unloaded state through to its ultimate destruction.  

The yield condition in the GTN material model is expressed as follows: 
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Where: Φ – non-dilatational strain energy, σe – effective stress according to the 

HMH hypothesis, σ0 – yield stress of the material, σm - hydrostatic pressure 

(mean stress), f 
*
- modified void volume fraction, qi – Tvergaard’s parameters 

describing the plastic properties of the material. 

The modified void volume fraction f 
*
 is defined as follows: 

 

(3.4)

Where: fc - critical void volume fraction at which the void coalescence starts, fF - 

void volume fraction corresponding to the complete loss of the material strength, 

at final separation of the material. 

When the material is not subjected to the loading and deformation, modified 

void volume fraction f 
*
 is equal to the initial void volume fraction f0, which is a 

basic GTN material parameter connected to the material porosity. The value of 

this parameter can be calculated based on the chemical composition (3.5) [14], 

where Mn and S are the values of manganese and sulphur inclusions determined 

from the code [8] or based on microstructural tests, counting the surface of non-

metallic inclusions and precipitates of another phase related to the surface of the 

tested specimen.  
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Critical void volume fraction fc corresponds to the moment of the voids 

coalescence and occurs when the load capacity of the element decreases. It is 

related to the value f0 [38], but it can also be determined by matching the σ-ε 
curve obtained from numerical simulations to that obtained from experimental 

tests, or by using microscopic photography [25]. The fF value corresponds to the 

destruction of the material and for metals ranges from 0.10 to 0.20. It can also be 

determined from the relationship (3.6) or experimentally [24, 26].  

0215.0 ff F +=  (3.6)

Parameters q1, q2, and q3 from formula (3.3) are Tvergaard parameters defining 

some plastic properties of the material. For structural steels, typical values of 

these parameters are: q1 = 1.5, q2 = 1.0, and q3 = q1
2
 = 2.25. However, the 

research described in [12] indicated the dependence of these parameters on 

Young's modulus E, yield stress σ0, and the exponent of strengthening N.  

The damage evolution is described by subsequent material parameters: fN, εN, sN. 

The first of them describes the volume fraction of nucleated voids (for structural 

steels this is assumed to be equal to 0.04 or determined during microstructural 

tests). The deformation level that creates new voids is described by the value εN. 

A typical value for steel is εN = 0.30. The normal distribution of voids nucleation 

strain is determined by the standard deviation sN assumed to be in the range from 

0.01 to 0.10. The relationship between these parameters is presented in equation 

(3.7).  

 

(3.7)

Where:	����- change due to growth of voids existing in the material, �����	 - 

change due to nucleation of new voids, 
�	�  - plastic strain rate tensor, I - second-

order unit tensor, 
�

�	

 - equivalent plastic strain in the matrix material. 

The influence of the described parameters on the force-displacement curve was 

presented in the example of a single plate specimen (W3) – Fig. 5. 
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Fig. 5. Influence of GTN material parameters on the force-displacement curve in a single 

plate specimen 

The final material parameters introduced to the ABAQUS [1] program are 

presented in Table 3. 

 

Table 3. GTN material model parameters 

Steel grade fo qi fN εN sN fc fF 

S355 0.0024 q1=1.5 

q2=1.0 

q3=2.25 

0.02 0.30 0.1 0.06 0.2 
S235 0.001 
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3.3 Choice of material model 

The first stage of the validation process was a comparison between EP and GTN 

material models on standard tensile coupons cut from single plate specimens 

(S355), and from one angle size group (referential curves were used in this 

comparative study). The influence of material modelling is shown in Fig. 6. The 

compliance of the results is satisfactory for both types of material models; 

however, there is a difference in the slope of the curves after reaching the 

maximum tensile force when compared to FEA models with tests results. 

 

 
Fig. 6. Comparison of force-displacement curves for standard tensile coupons obtained 

from experimental tests and numerical simulations  

 

The next stage was the implementation of EP and GTN to single plate models 

with drilled holes which are characterized by a larger degree of stress 

concentration compared to standard coupons. In this case, the obtained results 

are characterized by greater disjunction, as shown in Fig. 7 and 8. 

In Table 4, the values of ultimate resistance corresponding to the maximum load 

level obtained in Finite Element analysis are shown. Values of NEP correspond to 

ultimate resistance predicted by FE analysis with the EP material model and 

NGTN is derived from the GTN material model. Values ΔNEP and ΔNGTN are the 

proportion of NEP/NEx and NGTN/NEx, respectively. The arithmetic mean of these 

values calculated for plates with small and large holes is described as EPy  and 

GTNy . It can be seen that both material models show the same degree of 

accuracy in their resistance domain. However, when comparing elongation, 

results obtained from numerical simulations demonstrate the influence of 

material modelling. As a reference to displacement capacity comparison, two 

points were taken into consideration: 

- a point corresponding to ultimate resistance (lEx,ult, lEP,ult and lGTN,ult in Fig.7 and 

Table 5),
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- a point on the descending part of each curve which corresponds to plastic 

resistance of the net cross-section of the specimen (lEx,y, lEP,y and lGTN,y in Fig.7 

and Table 6). 

Taking into account the results presented in Table 5 and Fig. 7 and 8, it can be 

said that both materials also show almost the same result when comparing 

elongation at maximum load level. Significant differences, however, appear in 

comparison of elongation corresponding to plastic resistance (Table 6). 

The greatest accuracy in this displacement domain was observed in the case of 

the GTN material model and specimens with small holes. In real steel structures, 

a rather small proportion of d0/b is used to keep the correct ratio between net 

section resistance and bolt resistance. Hence, GTN material is appropriate for 

angled bolted connections.  

 

 
 

 
Fig. 7. Comparison of force-displacement curves for single plate specimens obtained 

from experimental tests and numerical simulations with the EP material model 
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Fig. 8. Comparison of force-displacement curves for single plate specimens obtained 

from experimental tests and numerical simulations with the EP material model 

Table 4. Comparison of maximum tensile force obtained from experimental tests and 

FEA models for single plate specimens 

Symbol (d0/b) 
NEX  

[kN] 

NEP 

[kN] 

NGTN 

[kN] 

ΔNEP ΔNGTN EPy  GTNy  

W1  0.17 200.3 196.9 194.5 0.98 0.97 

0.96 0.95 

W2  0.26 182.0 175.8 174.9 0.97 0.96 

W3  0.34 163.2 155.2 155.0 0.95 0.95 

W4 0.43 141.3 136.6 136.2 0.97 0.96 

W8  0.17 202.7 196.2 197.0 0.94 0.94 

W9  0.34 166.3 156.3 155.9 0.94 0.93 

W10 0.34 148.9 146.2 147.3 0.96 0.96 

W5 0.54 115.5 108.9 109.0 0.97 0.97 

0.96 0.97 W6  0.59 101.9 95.6 95.2 0.94 0.96 

W7 0.72 70.5 67.6 67.7 0.98 0.99 
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Table 5. Comparison of elongation corresponding to ultimate resistance obtained from 

experimental tests and FEA models for single plate specimens 

Symbol (d0/b) 
lEx,ult  

[mm] 

lEP,ult 

[mm] 

lGTN,ult 

[mm] 

ΔlEP,

 

ΔlGTN,

 
EPy  GTNy  

W1  0.17 4.6 4.1 4.1 0.89 0.89 

0.92 0.91 

W2  0.26 4.1 4.1 3.8 1.00 0.93 

W3  0.34 4.2 3.5 3.7 0.83 0.88 

W4 0.43 4.0 3.7 3.6 0.93 0.90 

W8  0.17 6.9 6.8 6.6 0.99 0.96 

W9  0.34 2.5 2.1 2.1 0.84 0.84 

W10 0.34 3.3 3.1 3.2 0.94 0.97 

W5 0.54 4.4 3.3 3.4 0.75 0.77 

0.78 0.76 W6 0.59 4.2 3.3 3.1 0.79 0.74 

W7 0.72 3.5 2.8 2.7 0.80 0.77 

 

Table 6. Comparison of elongation corresponding to plastic resistance obtained from 

experimental tests and FEA models for single plate specimens 

Symbol (d0/b) 
lEX,y  

[mm] 

lEP,y 

[mm] 

lGTN,y 

[mm] 

ΔlEP, ΔlGTN, EPy  GTNy  

W1  0.17 7.7 9.4 6.7 1.22 0.87 

1.22 0.94 

W2  0.26 7.1 8.5 6.65 1.20 0.94 

W3  0.34 6.7 7.8 6.7 1.16 1.00 

W4 0.43 6.7 7.8 6.5 1.16 0.97 

W8  0.17 10.2 12.9 10.1 1.26 0.99 

W9  0.34 4.1 5.4 3.9 1.32 0.95 

W10 0.34 7.8 9.5 6.9 1.22 0.88 

W5 0.54 7.7 6.8 6.7 0.88 0.87 

0.89 0.85 W6 0.59 7.2 6.7 5.6 0.93 0.78 

W7 0.72 6.6 5.75 6.0 0.87 0.91 

 

Looking at the following illustration (Fig. 9) it can be seen that the general 

behaviour of FEA models with GTN material is identical with real specimens. 

The sequence of initiation and propagation of fracture during experimental tests 

was the same as in the FE analyses. Hence, it can be said that the GTN material 

model gives good accuracy in both the resistance and displacement domain 

when modelling ductile fracture. 
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Fig. 9. Qualitative comparison of FEA models with GTN material, and experimental 

tests (specimens with drilled holes) 

4.  IMPLEMENTATION OF GTN MATERIAL MODEL TO 

ANGLE CONNECTION FE MODEL 

After validation of the two material models on specimens with drilled holes, an 

angle connection model was built using the ABAQUS [1] package. For 

validation, the entire tested elements were modelled; however, subsequent 

analyses showed that the same results can be obtained when modelling half of 

the angle with the appropriate boundary conditions. 

4.1 General description of joint FE model 

The Finite Element model of the joint consisted of four components being the 

angle, the gusset plates, and bolts with nuts and washers (Fig. 10). Only the 

angle member, where fracture was expected, included the GTN material 

parameters. The remaining connection components had elastic-plastic 

characteristics (EP). Material properties of bolts were gained from bolts 

tensioning experiments. Implementation of the porous material model required 

carrying out Dynamic Explicit analysis. The influence of mesh density and bolt 

thread modelling (with or without thread) were also taken into account during 

the model building process. The implemented boundary conditions imitated the 
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real experiment: part of one gusset plate was fixed, the opposite part had blocked 

displacement in the x and y direction, while load in the z-direction in the form of 

displacement was applied.  

 

 
Fig. 10. Components of joint FE model (marked with different colours) 

 

For the angle, gusset plates, and washers a C3D8R type of element was 

employed, defined as a three-dimensional, hexahedral 8-node linear brick with 

reduced integration. This type of element has proved to be suitable when 

simulating lap bolted connections [5, 17, 28, 31]. Bolts were built by using 

C3D8T and C3D6T elements, which are respectively 8-node thermally-coupled 

bricks with trilinear displacement and temperature, and a 6-node thermally-

coupled triangular prism used to complete the mesh. To apply pre-tension force 

Fp over the bolts, a vertical thermal deformation method was utilised [16]. In this 

method, the thermal expansion coefficient is assumed to be unit and the 

temperature difference ΔT causing preload is calculated from equation (4.1). 

Contact between surfaces was defined using a general contact option. The 

frictional effects between surfaces were also included by incorporating the 

classical isotropic Coulomb friction model in the contact definition, with a 

friction coefficient μ equal to 0.1. 

 

Ed

F
T

p

2

4

π
=∆  (4.1)

4.2 Results of numerical simulations of the bolted connection 

To compare numerical simulations with experimental tests, force-displacement 

curves were used (Fig. 11-14) as well as the results from inductive sensors (Fig. 

16) and an electrofusion strain gauge (Fig. 15). Table 7 presents the values of 

ultimate tensile resistance and corresponding elongation gained from 

experimental tests and FE analyses. These indicate good agreement of numerical 

simulations with the test results. The mean proportion of NGTN/NEx is equal to 

1.02 with standard deviation of 0.04. There is a slightly greater disjunction when 

it comes to elongation; the mean value of lGTN,ult/lEx,ult equals 0.85 with standard 
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deviation of 0.13. However, for some FE models, elongation corresponding to 

the maximum load level is almost the same as the experimental value. This 

disjunction may be a result of differences in elastic-plastic material characteristic 

(the referential strain-stress curves for each component were employed to FE 

model, while the individual standard coupons were characterized with different 

elongations). 

Table 7. Comparison of experimental tests and FEA results for bolted connections 

Specimen NEx [kN] 

NGTN 

[kN] 
ΔNGTN 

lEx,ult 

[mm] 

lGTN,ult 

[mm] 
ΔlGTN 

J60/1/20/27 83.8 87.8 1.05 9.9 8.54 0.96 

J80/1/22/36 149.3 140.6 0.94 20.6 13.0 0.63 

J60/2/45/25 138.6 140.8 1.02 9.9 9.6 0.97 

J60/3/45/25 180.7 184.4 1.02 11.4 10.4 0.91 

J80/3/55/40 242.1 248.1 1.03 18.8 15.3 0.81 

J80/4/55/40 268.6 283.8 1.06 17.7 14.8 0.84 

 
 

Ny  1.02 
 

ly  0.85 

 

  

 

 

Fig. 11. Specimen J60/1/20/27: a) experimental test, b) FEA model, c) force-

displacement curves gained from test and simulation 

a) b) c) 
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Fig. 12. Specimen J60/2/45/25: a) experimental test, b) FEA model, c) force-

displacement curves gained from test and simulation 

  

 

 

Fig. 13. Specimen J60/3/45/25: a) experimental test, b) FEA model, c) force-

displacement curves gained from test and simulation 

a) 

a) b) c) 

b) c) 



EDYTA BERNATOWSKA 49 

 
 

 

 

Fig. 14. Specimen J80/3/55/40: a) experimental test, b) FEA model, c) force-

displacement curves gained from test and simulation 

 

Values of real stress σzz at points corresponding to the electrofusion strain gauge 

arrangement (Fig. 3) were obtained from numerical models for various specific 

load levels (from 0.1Nult to 1.0Nult). They were then compared with values of 

stresses calculated from the electrofusion strain gauge readings. An example 

comparison is shown in the illustration below (Fig. 15). Generally, all numerical 

models show a good degree of accuracy in the stress range σzz from zero to yield 

strength fy. After reaching the yield point, the readings from the strain gauge can 

be improper and should not be taken into consideration. 

Furthermore, horizontal deflections were measured in the FE models and 

compared with experimental tests results from inductive sensors B1 and B2 (Fig. 

3). In this case, high compliance of results is also visible. Example curves of 

force vs. horizontal displacement are shown in Fig.16. 

b) c) a) 
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Fig. 15. Comparison of values of stresses σzz obtained from experimental tests and 

numerical simulations for a) and b) J80/3/55/40, c) J60/3/45/25 specimens 

a) 

b) 

c) 
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Fig. 16. Force-horizontal displacement curves gained from experimental tests and 

numerical simulations for a) J60/2/45/25 and b) J60/3/45/25 specimens 

5.  SUMMARY AND CONCLUSIONS 

The paper presents a process of numerical model development which consists of 

steel angle-bolted connections under tension. Elements of hierarchical validation 

were used during the development of FEA models, built using the Abaqus 

program [1]. Two types of material model were presented being elastic-plastic 

and Gurson-Tvergaard-Needleman. The obtained results indicate good 

agreement between numerical simulation results and real experiments when 

GTN material was applied, both in the resistance and elongation domains. This 

allows further numerical simulations to be conducted on angles connected by 

bolts and to perform extensive parametric analyses for a large range of variables. 

It also makes it possible to conduct analyses in the full range of angle work, 

a) 

b) 
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from an unloaded state to its ultimate destruction. The final aim of the analyses 

will be verification of divergent analytical models for ultimate tensile resistance 

calculations, proposed in ruling codes [2, 3, 9, 10, 30] and the proposal of a new 

code, based on stress distribution in cross-section.  
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